Abstract -This paper presents findings of a R&D project targeted to the development of a galvanically isolated step-down DC/DC converter for electrolyzer integration with renewable energy systems. The presented converter with an improved control algorithm for the full-bridge active rectifier features reduced energy circulation and switching losses. The performance can be improved under wide input voltage and load variations. The advantages of the converter were verified with a 1 kW converter prototype and the test results were in full agreement with the expected waveforms. The presented steadystate operation principle and mathematical analysis of the converter based on the simulation and experimental results can be used as design guidelines for component and parameter estimation in practical applications.
I. INTRODUCTION
Use of alternative energy sources is an urgent issue today. Main advantages of renewable energy are zero fuel costs and lower impact on the environment. However, renewable energy sources, such as solar and wind power, are difficult to use due to their stochastic variability. In order for renewable energy to be generally used for regular consumers, the concept of hydrogen use needs to be introduced to stabilize unregulated renewable energy generation [1] - [4] . A typical renewable energy system (RES) must include both short-term and longterm energy storage. A short-term energy storage system is commonly used due to its high round-trip efficiency, convenience for charging/discharging. In addition, it can take care of the effects caused by instantaneous load ripples/spikes, electrolyzer transients and wind energy peaks. However, batteries alone are not appropriate for long-term energy storage because of their low energy density, self-discharge, and leakage. The combination of short-term energy storage with long-term energy storage in the form of hydrogen can improve the performance of stand-alone RES significantly. Fig. 1 shows a hydrogen-based energy storage system or a hydrogen buffer (HB) consisting of two layers: electrochemical and power electrical stage. The electrochemical stage includes hydrogen production, hydrogen storage and electricity production. In the excess energy periods the hydrogen generation system is connected to the DC-bus of the RES. In this stage electrical energy from the renewable energy source is converted into chemical energy by using water electrolysis and this energy is stored in a tank. In order to stabilize energy production during the absence of the renewable energy, stored hydrogen could be re-used. In this stage, hydrogen is converted into electrical energy by using a fuel cell (FC). The FC takes the hydrogen from the tanks to generate electricity, plus water and heat as by-products. Combination of an energy storage system and an RES allows controllable power production.
To achieve proper voltage matching the main components of the HB should be connected to the DC-bus of RES via different power electronic converters: the electrolyzer is interfaced by help of a step-down DC/DC converter, while the fuel cell is connected by help of a step-up DC/DC converter. In principle, any basic power converter topology can be used to design a power interface for a fuel cell and an electrolyzer. Typically, these converters have a high-frequency voltage matching transformer, which could also perform the function of galvanic isolation demanded in several applications. The main technology development trend here is to reduce the power losses in the interface converters in order to obtain the highest possible energy efficiency of the HB.
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Wind energy Solar energy Short-term energy storage Load In the analysis of the state-of-the-art converters for the HB application it was stated that the majority of presented topologies are meant for the fuel cell integration to the RES and only minor publications [2] , [3] , [5] - [7] are related to the interface converters for electrolyzers. This paper presents a new galvanically isolated step-down DC/DC converter (Fig. 2) . The converter has a half-bridge inverter on its primary side, high-frequency step-down transformer and a full-bridge phase-shifted active rectifier based on reverse blocking (RB) switches on the secondary side. The phase-shifted synchronous rectifier concept is a wellknown method to reduce the ringing, increase the efficiency and achieve ZVS (zero voltage switching) of converter switches. The other advantages are the possibility of using non-dissipative capacitive snubbers in the inverter and constant frequency operation, allowing for simple control of the converter. Generally, these converters comprise a half-or a full-bridge inverter, a high-frequency transformer and a rectifier [8] , [9] . The rectifier part could be classified as: fullbridge, central-tapped and current-doubler [10] .
In converters with a synchronous rectifier the output voltage is generally controlled by the varying delay time between the turn-on of the switches in the rectifier and the turn-on of the IGBTs in the inverter. At the beginning of each half-period, the transformer current will have the same direction as in the previous one and will only change it when the other switch pair in the rectifier turns on. Therefore, at the beginning of each half-period the current will flow through the freewheeling diode of the IGBT module to be turned on next, allowing the ZVS of both inverter transistors. This switching algorithm allows non-dissipative capacitive snubbers to be used in the inverter and the inductive ones in the rectifier. The role of the latter ones could be performed by the transformer leakage inductance. The disadvantage of such control algorithms is the presence of the intervals of energy return from the load to the power supply (time intervals of the opposite sign of the current and voltage of the primary transformer winding during the delay time). If the energy return is not possible, there will be an increase of the input voltage of the inverter and a deviation of the midpoint potential of the capacitor input voltage divider. Moreover, energy circulation corresponds to the generation of the reactive power, resulting in the reduction of the converter power factor and the efficiency due to increased conduction losses. In the case of high input voltage (large periods of energy return), the effects of these drawbacks could be inacceptable. One of the ways to reduce such effects is to increase the capacitance value of the input voltage divider, however, that leads to an increase in the dimensions and cost of the converter.
III. OPERATING PRINCIPLE
To overcome the disadvantages of a conventional phaseshifted synchronous rectifier, the control algorithm of the rectifier switches could be modified, at the same time keeping the advantages of the reference phase-shifted control algorithm [11] . A similar concept for the full-bridge converter was first introduced in [12] . The proposed algorithm provides phase-shifted control whereas practically no energy is returned into the power supply. This is achieved by introducing two additional switching states of the rectifier switches. The voltage and current waveforms of the converter are presented in Fig. 3 with the associated switching states shown in Fig. 4 . The following events during the switching half-period could be distinguished: t 0 -t 1 − transistor TT and switches S1, S3 are conducting (Fig. 4a) . (Fig. 4c) . Until the moment t 3 the processes do not differ from the corresponding ones in the conventional phase-shifted synchronous rectifier.
t 3 -t 4 -switch S2 is now opened (Fig. 4d) . The voltage across the transformer secondary drops to zero and the transformer current decreases gradually, as the load current transfers from S1 to S2 with di/dt limited by the circuit equivalent inductance.
t 4 -t 5 -the energy return interval is over, the negative voltage -U Tr-s is applied to the transformer secondary and switch S1, which can be turned off now with ZCS. Only small magnetising current is flowing through the transformer primary. The load current freewheels through S3, S2, L f and the load (Fig. 4e) .
t 5 -t 6 -switch S4 is opened (Fig. 4f) . The voltage across the transformer secondary drops to zero and the transformer and the TB current increase gradually, as the load current transfers from S3 to S4 with di/dt limited by the circuit equivalent inductance. The processes are then repeated with the difference that the transistors and the primary side diodes replace each other, so do switches S1, S2 and S3, S4.
The control of the output voltage can be achieved by varying the current freewheeling duration ts (time interval t3-t6). The energy return interval (time interval t2-t3) could be constant and should be kept as short as possible in order to maintain high power factor and reduce conduction losses.
IV. SOME DESIGN GUIDELINES
This section provides guidelines for the selection of the parameters for the experimental converter with the phaseshifted active full-bridge rectifier (AFBR). In order to simplify the calculations it is assumed that the opponents are lossless, the input capacitors and the transformer magnetising inductance are large enough and therefore the input voltage ripple and the magnetising current are negligible. For the introduced modified control algorithm, six PWM channels are used. The inverted control signals of S1 and S2 are shifted by the ratio D γ relative to the turn-off of inverter switches (Fig. 5) 
The active state duty cycle D a of the converter can be calculated by
The output voltage can be expressed by the following equation:
and the amplitude voltage across the transformer secondary is
The average and maximum collector currents of inverter transistors are calculated by
where ΔI ripple is the filter inductor L f peak-to-peak current ripple.
The inverter switches require a certain dead time t d to recharge snubber capacitors to maintain the ZVS condition, hence the following expression must be satisfied:
According to this equation, the most demanding point is at the minimum load and the maximum input voltage.
Certain time is required for the current of the rectifier switches to fall to zero during the natural commutation, therefore the rectifier switches should operate with a duty cycle higher than 0.5 to maintain the ZCS condition and exclude the situation when only one transistor in the rectifier is turned on. The additional time required can be equal for all the rectifier switches and is estimated from t tr2 :
where L E is the equivalent inductance, which is mainly represented by the leakage inductance of the transformer secondary winding.
To estimate the parameters of the output filter inductor it is assumed that the current of the inductor is continuous:
, (10) where k L is the relative current ripple of the output filter inductor :
The capacitance of the output filter capacitor can be approximated as:
where ΔU out is the peak-to-peak output voltage ripple and k U is the relative voltage ripple. 
V. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the theoretical approach the proposed converter was simulated using PSIM software. The simulation parameters were selected to the data presented in Table I . As shown in Fig. 7 , the simulation results were in full agreement with the estimated waveforms. To experimentally validate a theoretical background a small-scale prototype with the output power of 1 kW was assembled. Six independent PWM channels were used. Two channels with small dead time were used to drive IGBTs in the inverter and four channels were used to control the rectifier. As mentioned, rectifier switches should have reverse blocking capability. In the prototype, MOSFETs with series connected diodes were used. In practical applications these switches could be replaced by reverse-blocking IGBTs or fast thyristors for reduced power dissipation during the on-state. The main parameters and components are presented in Table I .
The experimental waveforms are presented in Fig. 8 . As shown, the test results completely correspond to the theoretically predicted waveforms. 
VI. CONCLUSIONS
This paper presents a novel galvanically isolated step-down DC/DC converter for electrolyzer integration with stand-alone renewable energy systems. The design of the converter with several recommendations and guidelines are outlined. To validate the topology, the simulation and experimental results are presented and discussed. According to the results, the presented step-down DC/DC converter topology with a phaseshifted active rectifier could be one of the most promising candidates for high-power conversion systems due to its reduced switching losses and a wide regulation range.
